Abstract. The dynamics in photoexcited Na(NH 3 ) n clusters up to n = 20 using femtosecond laser pump and probe techniques are investigated. It is found that electronic excitation energy of the metal atom chromophore is transferred to internal vibrations of the surrounding ammonia solvent molecules. The transfer time strongly depends on the number of ammonia molecules bound to the sodium atom, decreasing from 2000 ps when only one ammonia molecules is attached to the metal atom down to a limiting value of about 100 fs for Na(NH 3 ) 10 . These results can be understood in terms of an internal energy transfer where the rates are governed by the density of states and the Franck-Condon overlap of the acceptor modes.
INTRODUCTION
Neutral and ionic alkali metal atoms in an environment of polar solvent molecules play a crucial role in many basic chemical and biological processes. In the liquid phase, solvated electrons are formed when alkali metal atoms are dissolved in polar solvents like water and ammonia. The formation of the solvated electron has been studied extensively in the liquid phase by timeresolved experiments. [1] [2] [3] [4] [5] However, the complexity of the interaction makes it nearly impossible to follow individual pathways of energy flow in this infinite environment. In contrast, with the progress in cluster science in combination with the development of ultrafast laser techniques, nowadays one is able to follow the ultrafast energy transfer in a well-defined finite environment and can hence try to model the evolution of liquid phase behavior from a small finite ensemble of a few solvent molecules up to a number where bulk properties are reached.
Complexes containing alkali metal atoms surrounded by polar solvent molecules have been studied in a number of groups (including ours) for many years. Many spectroscopic properties for size-selected Na(NH 3 ) n and Na(H 2 O) n clusters, such as the ionization potentials [6] [7] [8] [9] [10] and the energy of the first electronic excited state, [11] [12] [13] [14] have been determined. As a key result, these studies have shown that spectroscopic features of the solvated electron in the liquid are already present in complexes with only 4 solvent molecules bound to the alkali metal atom, i.e., when the first solvation shell is closed. Similar results for other alkali metals have been found by Fuke and coworkers. 10, 15, 16 These experimental findings are in good agreement with quantum chemical calculations. [17] [18] [19] [20] [21] In particular, these calculations have shown that the valence electron of the alkali metal atom gradually detaches from the metal ion core and, for n ≥ 4, starts to localize on one side of the cluster, where it is bound to the complex by the interaction with the polar molecules in the same manner as the solvated electron is trapped in the liquid phase.
In the course of our study of the excited state, it was found that these states are unstable and undergo fragmentation. To understand the dynamics of the excited state we have performed a series of experiments using femtosecond laser pump and probe techniques. In the present work we focus on the sodium-ammonia system.
The system poses some serious challenges to the ultrafast laser systems used for excitation of the clusters and to probing by the excited states by ionization. While 2004 20 the probe pulse has to be chosen such that it ionizes the excited clusters but does not deposit too much energy into the ion in order to avoid ionic fragmentation; for the larger clusters, the excitation energies (pump laser) are in the infrared. Our earlier spectroscopic studies have revealed that the absorption of the lowest electronically excited state of the Na(NH 3 ) n clusters, which corresponds to 3s → 3p transition in the free sodium atom at 590 nm (16950 cm -1 ), is shifted to the near infrared spectral region at 1670 nm (6000 cm -1 ) when four ammonia molecules are bound to the sodium atom. 13 For larger Na(NH 3 ) n clusters, the excitation energy is slightly increased again towards the bulk value at 6300 cm -1 . Figure 1 shows a schematic of the energetics of the system and indicates the excitation scheme used for the pump-probe experiments. For Na(NH 3 ), the 1:1 complex, pulses at 820 nm (12220 cm -1 ) were used as pump pulse to excite the cluster resonantly. The probe pulse at 410 nm (second harmonic) ionizes the excited cluster. The same scheme has been used for the Na(NH 3 ) 2 cluster. In this case the cluster is excited at the high energy edge of its broad absorption band. The maximum is located at 1000 nm, where no laser pulses were available. The next larger cluster, Na(NH 3 ) 3 , exhibits two distinct maxima in the absorption band. The higher energy absorption band with a maximum around 8000 cm -1 has been attributed to a pure electronic excitation of the sodium valence electron, while the lower band centered around 6600 cm -1 arises from a strong coupling to overtones of the symmetric and/or asymmetric stretching mode of NH 3 . 13 Two different wavelengths, 1300 nm (7600 cm -1 ) and 1450 nm (6900 cm -1 ), were used to investigate differences in the dynamics of the two parts in the absorption band. In both cases, probe pulses at 410 nm ionize the excited cluster. All larger clusters, Na(NH 3 ) n , have a very similar structure of the absorption band: a strong absorption band with a maximum at 6600 cm -1 originating from coupling to the vibrational modes of NH 3 and a weaker band at lower energies caused by the electronic excitation of the sodium valence electron. Therefore, the same pump-probe scheme was used for all clusters with n ≥ 4: 1690 nm (5920 cm -1 ) as pump and 515 nm as probe wavelength to investigate the electronic part of the absorption band, and 1450 nm (6900 cm -1 ) as pump and 570 nm as probe wavelength for the vibrationally enhanced absorption band. The lower energy for the probe photons is important in this case since the second harmonic pulses at 410 nm would be able to ionize these larger clusters from the ground state due to their low ionization potential. 
EXPERIMENTAL
The experiments were performed in a two-chamber molecular beam apparatus that has been described in detail in earlier publications. 7, 9 Free sodium atom-ammonia clusters Na(NH 3 ) n are prepared in a molecular beam using a pickup source where sodium atoms from an effusive beam are picked up in the expansion region of a neat ammonia jet. Further downstream, the clusters are excited with a femtosecond pump pulse and ionized with a probe pulse. The cluster ions are mass separated in a time-of-flight mass spectrometer. The ionization step with subsequent mass analysis is essential in these studies to distinguish dynamical properties of different cluster sizes, since clusters of all sizes are present in the primary neutral molecular beam.
The femtosecond laser pulses are generated by a commercial Ti:sapphire laser system, which provides laser pulses of 160 fs duration at a wavelength of 800 nm with a small tunability of ±20 nm. The pulse energy is about 440 µJ. For the pump-probe measurements of the Na(NH 3 ) n clusters, pump pulses in the near infrared (NIR) spectral range and probe pulses in the visible range are needed. A combination of an optical parametric generator (OPG) and two optical parametric amplifiers (OPA) developed at our institute are used to transform the fundamental 800 nm laser pulses to the NIR spectral range. 22 An LBO crystal in a type II noncritical phase matching configuration serves as OPG, while type-I BBO crystals are used as broadband OPAs. By changing the temperature of the LBO crystal between room temperature (25 ºC) and 200 ºC, the femtosecond NIR pulses can be tuned in the range between 1300 nm and 1450 nm (signal) and 1680 nm and 2100 nm (idler). A pulse duration of 140 fs is achieved and the pulse energy useable for the experiment is 7 µJ. The visible probe pulse is generated by the sum frequency generation (SFG) between the fundamental pulses at 800 nm and either the idler or the signal of the OPG/OPA setup in a type-I BBO crystal. The SFG pulses are tuneable in the range between 500 nm, and 590 nm, with a duration of 220 fs and an energy of 5 µJ at the cluster beam. Figure 2 shows the pump-probe signals for the smallest Na(NH 3 ) n clusters up to n = 3. The observed ion signals exhibit a single exponential decay for all three cluster sizes as a function of the delay between pump and probe laser pulse. A fit of the data to a single exponential decay is also shown in Fig. 2 . The decay time of the ion signal decreases rapidly from 2000 ps for n = 1 to 1.1 ps for n = 3. This decrease of the decay time continues also for the larger Na(NH 3 ) n cluster, with n ≥ 4, as summarized in Fig. 3 with the exception of Na(NH 3 ) 4 , which has a somewhat longer time constant than n = 3 and n = 5. Overall, we were able to determine the decay time of the ion signal for Na(NH 3 ) n clusters up to n = 20. This first set of data was taken at pump wavelengths that excite the electronic part of the absorption band, as ) and the probe wavelength 410 nm. The n = 3 cluster was pumped at 1300 nm (7600 cm -1 ) and probed again with 410 nm. In all cases the ion signal drops exponentially. The fitted decay times decrease drastically with the cluster size. Fig. 3 . Pump-probe ion signals for the larger Na(NH 3 ) n clusters n = 4 to 9. All clusters were pumped at 1690 nm (5920 cm -1 ) and probed with 515 nm. The data have been fitted to a single exponential decay. discussed in the Introduction. In a second run, we tuned the pump wavelength to the vibrationally enhanced portion of the absorption band for the (NaNH 3 ) n clusters with n ≥ 3. In this case, the observed ion signal again showed a single exponential decay with somewhat different decay times. The only exception was the n = 3 cluster, which exhibited a double exponential decay with a short decay time of 1.0 ps and a longer one with 18 ps. By comparison with deuterated sodium-ammonia clusters, we were able to attribute the short decay time to the electronic nature of the absorption band. The same holds for all larger clusters. The detailed discussion of the results for deuterated clusters is beyond the scope of the present paper and will be given elsewhere.
RESULTS
23 Table 1 summarizes the fitted decay times for all clusters and wavelengths.
DISCUSSION
The observed decay times of the Na(NH 3 ) n clusters can be understood in terms of an internal energy transfer, as The decay times and the given errors (in parentheses) are the result of a single exponential fit to the experimental data, including the convolution with the pulse widths of pump and probe laser. Two sets of data have been measured: The left part of the table shows the data set where the electronic part of the absorption band has been excited; for the data set in the right part of the table, the vibrationally enhanced portion of the absorption band is excited (see ref 13 and text for details). depicted in Fig. 4 . In the ground state the clusters are vibrationally cold (ca. 200 K). 24 At this temperature only some low-frequency intramolecular vibrations (mainly hindered rotations) are excited, while it is safe to assume that all Na-NH 3 and NH 3 -NH 3 stretching modes and especially all internal vibrational modes of the NH 3 molecules are frozen. Only the latter ones will be important for the observed internal conversion process, as will be shown below. From theoretical calculations 20 and our own spectroscopic studies, [11] [12] [13] it is known that upon excitation and ionization the structure of the sodium-ammonia clusters almost does not change. Thus, the Franck-Condon rule favors transitions with ∆v = 0. With the choice of the excitation (pump) and ionization (probe) wavelength, the clusters can only be ionized efficiently without any additional excitation of vibrations. If after the pump pulse, the electronic excitation energy is transferred into vibrational modes, the ionization probability decreases. This means, in turn, that the observed decay of the Na(NH 3 ) n ion signal is a direct measure of the internal conversion time of the excited Na(NH 3 ) n cluster.
To get a deeper insight into the internal conversion process and its dependence on the cluster size, we have performed a simple model calculation. The most obvious way to obtain a rough estimate of the behavior of the energy transfer rate k and the internal conversion time τ is by using Fermi's Golden rule:
Here, ρ denotes the density of states and 〈 ∼ AW ∼ X〉 the interaction matrix element connecting the excited ( ∼ A) with the ground ( ∼ X) state. For this calculation, we have assumed that the interaction matrix element does not depend significantly on the size of the Na(NH 3 ) n clusters. This can be rationalized by the fact that the excitation energy only weakly depends on the cluster size, especially for n ≥ 4. The density of vibrational states has been calculated by a program that was kindly provided by M. Lewerenz. The program uses an extended version of the algorithm of Beyer and Swinehart for the calculation. 25 Several sets of input data with different combinations of vibrational modes have been tried to fit to the experimental decay times. It turned out that the best agreement was obtained by using only the 6 internal vibrational modes of the ammonia molecule, i.e., ν 1 (3336 cm ) where the degenerated ν 3 and ν 4 have to be taken twice. For each cluster size n, the 6 modes have been included n times. All intermolecular vibrational modes including the Na-NH 3 and NH 3 -NH 3 stretching modes have been neglected.
The results of the calculations are shown in Fig. 5 , together with the observed decay times. In spite of the simplified assumptions, the agreement of the trend with cluster size is remarkably good. The slower decay rate of the n = 4 cluster compared to the neighboring cluster sizes is reproduced astonishingly well. Usually it is argued that slower decay rates are connected to more symmetrical molecular structures or to closing of solvation shells. Indeed, it is known that the first solvation shell is closed when four ammonia molecules are bound to the sodium atom. Since in our calculation of the density of states no information about the structure of the cluster has been included, these arguments cannot be applied here. Thus, the good agreement needs further inspection. Figure 6 shows the density of states for Na(NH 3 ) n clusters, with n = 3,4,5 in the relevant energy range. One clearly notices the bunching of states caused by the limited number of vibrational modes used in the calculation. The arrows in Fig. 6 indicate the excitation energies in the pump-probe experiments. While the density for n = 3 is the highest one of the three clusters leading to the highest conversion rate, the density for n = 4 is lower than that for n = 5. The "density of states" argument is further supported by the second set of experimental data taken at a pump energy of 6900 cm -1 (1450 nm) for all Na(NH 3 ) n clusters with n ≥ 3. The data are also shown in Fig. 5 . In this case the decay time decreases with increasing cluster size, as is expected qualitatively from the density of states (see Fig. 6 ). For a quantitative comparison the interaction matrix element 〈 ∼ AW ∼ X〉 would have to be known, since its exact value will also depend on the transition energy. Table 1 left part); the open diamonds represent the decay times when the vibrationally enhanced portion of the absorption band is excited (right part of Table 1 ). The full line shows the calculated internal conversion times using the density of states. For details, see text. 6 . The density of states for Na(NH 3 ) n (n = 3,4,5) as a function of energy are shown. In the calculations, only the internal vibrational modes of the NH 3 solvent molecules were used as accepting modes. The arrows indicate the excitation energy of the experiment. Since the density of states is lower for n = 4 than for n = 3 and 5, the decay time for this cluster is longer compared to the neighboring sizes, as observed in the experiment.
As shown above, only the internal vibrational modes of ammonia are important as accepting modes in the internal conversion process. All other modes seem to be of minor importance for the energy relaxation process. Although for a deeper insight into these processes a full dynamical calculation would be necessary, a clear and convincing qualitative picture can be extracted from the static calculations of Hashimoto and coworkers. For Li(NH 3 ) n clusters, the group has found that the lithium valence electron starts to completely separate from the metal atom and to localize on one side of the cluster at n = 4. 21 Lately, an extension of these calculations has revealed that this is also true for all solvated alkali metal atoms. Upon excitation, the s-like electron density changes its character to a p-like charge distribution. This basically means that the charge density flips from one side of the cluster to the other side (Hashimoto, private communication) . It seems that this change in the charge distribution mainly affects the N-H bond length in the solvent molecules, leading to internal vibrations of the NH 3 molecules. After this very fast first energy transfer, which occurs, according to our measurement, on a picosecond timescale or faster, also the electronic excitation may relax to the vibrationally excited electronic ground state. This process is not observable in our experiment.
One more piece of information can be extracted from the comparison of the observed decay times with the "density of states" calculation. In Fig. 5 , the calculated decay time drops rapidly to values below 100 fs at n = 9, while the experimental values stay almost constant at 120 fs also for larger clusters. One can argue that the experimental time resolution prevents the observation of shorter decay times. While this is true to a certain extent, much shorter decay times are unlikely also because of the finite width of the absorption bands. 13 Thus, it can be concluded that only less than 10 solvent molecules participate in the internal conversion process.
CONCLUSION
In a pump-probe experiment, the decay times of the ion signal have been measured for Na(NH 3 ) n clusters up to n = 20. This decay of the ion signal is the signature of an internal conversion process, where the energy of the excited electronic state is converted into vibrations of the electronic ground state. This conversion time changes over many orders of magnitude, from 2000 ps for n = 1 to 120 fs for n =10 and larger clusters. We have modeled the internal conversion process as a function of the clusters by Fermi's Golden Rule, simply assuming a size-independent transition matrix element and calculating the density of states. Best agreement with the experimental data was found when only the internal vibrations of the NH 3 solvent molecules were entered in the density of states calculation. Therefore, we conclude that these internal vibrations are the main accepting modes for the first step in the energy redistribution. This conclusion is supported by similar measurement with deuterated sodium-ammonia clusters. 23 
